Abstract Epithelial cells and fibroblasts both express heat shock transcription factors, HSF1 and HSF4, yet they respond to heat shock differentially. For example, while HSP70 is induced in both cell types, the small heat shock protein, αB-crystallin gene (CRYAB) that contains a canonical heat shock promoter, is only induced in fibroblasts. A canonical heat shock promoter contains three or more inverted repeats of the pentanucleotide 5′-nGAAn-3′ that make the heat shock element. It is known that, in vitro, promoter architecture (the order and spacing of these repeats) impacts the interaction of various heat shock transcription factors (HSFs) with the heat shock promoter, but in vivo relevance of these binding preferences so far as the expression is concerned is poorly understood. In this report, we first establish cell-type-dependent differential expression of CRYAB in four established cell lines and then working with adult human retinal pigment epithelial cells and NIH3T3 fibroblasts and employing chromatin immunoprecipitation, attempt to relate expression to promoter occupancy by HSF1 and HSF4. We show that HSF4 occupies only CRYAB and not HSP70 promoter in epithelial cells, while HSF1 occupies only HSP70 promoter in both cell types, and cryab promoter, only in heat shocked fibroblasts; HSF4, on the other hand, is never seen on these two promoters in NIH3T3 fibroblasts. This comparative analysis with CRYAB and HSP70 demonstrates that differential heat shock response is controlled by cell-type-dependent access of HSFs (HSF1 and HSF4) to specific promoters, independent of the promoter architecture.
Introduction
Although the dogma of the heat shock response (Morimoto 1993 ) is considered universal, there is a large lacuna in our understanding of its regulation in various cell types and tissues (Bienz 1984; Morimoto and Fodor 1984; Murray et al. 2004 ). In eukaryotes, heat shock response manifests in the differential activation of heat shock genes. This is exemplified by the differential expression of cryab, a small heat shock protein gene, which is expressed in multiple tissues in a developmentally controlled fashion as well as in a large number of neurodegenerations (Andley 2007; Bhat 2003; Horwitz 2000) . Cryab contains a canonical heat shock promoter that has been shown to be activated by heat shock (Klemenz et al. 1991 ) and osmotic stress (Dasgupta et al. 1992) . It is constitutively expressed in adult human retinal pigment epithelial (ARPE19) cells (Gangalum et al. 2011) . As part of our investigations on the transcriptional regulation of this gene, we noted that when ARPE19 cells are heat shocked, αB-crystallin (αB) is not induced, an observation that goes against previously reported induction of cryab in the mouse fibroblast cell line, NIH3T3 (Klemenz et al. 1991) . It is also known that cryab is not induced in ocular lenses subjected to heat shock under conditions where heat shock protein hsp70 is induced (Collier and Schlesinger 1986; de Jong et al. 1986 ). Similar findings have been reported for the malignant human epithelial cell line HEp2, which when exposed to a heat shock shows Electronic supplementary material The online version of this article (doi:10.1007/s12192-012-0386-7) contains supplementary material, which is available to authorized users.
HSP70 but not CRYAB induction (Laramie et al. 2008) . We have previously reported that αB is a protein of kidney epithelial cell lines and not kidney fibroblasts (Nagineni and Bhat 1989) .
The molecular basis of how two canonical promoters (HSP70 and CRYAB) respond to heat shock differentially within the same cell remains to be understood. In vitro studies have suggested that promoter architecture has an influence on heat shock transcription factor (HSF)/heat shock element (HSE) interactions (Yamamoto et al. 2009 ). HSP70 and CRYAB promoters present excellent examples of canonical heat shock promoters with variations in their promoter architecture; they contain slightly different versions of the arrangement of the 5′-nGAAn-3′ motifs in their respective HSEs (Fig. 1 a) . The promoter of HSP70 contains "discontinuous" 5′-nGAAn-3′ motifs, while the CRYAB promoter has a "continuous," uninterrupted arrangement of 5′-nGAAn-3′ motifs in its HSE (Fig. 1a) . In vitro, HSF1 and HSF4 have been shown to interact differentially with "continuous" and "discontinuous" 5′-nGAAn-3′ motifcontaining HSEs (Yamamoto et al. 2009 ). Thus, the efficiency of binding of a specific HSF with a specific version of the canonical HSE may determine the activation of a particular heat shock gene. Alternatively, the selectivity of HSF/HSE interaction may be developmentally predisposed (cell-type dependent) and independent of the promoter architecture.
In view of these possibilities, we sought an experimental paradigm that would address both the cell type specificity as well as the possible role of promoter architecture in the heat shock response of a cell. We choose (a) to investigate representative cell lines of known epithelial and fibroblastic lineage to establish cell-type specific expression patterns of HSP70 and αB in response to a heat shock and (b) relate that expression pattern to promoter interactions of the two transcription factors, HSF1 and HSF4, which are known to regulate heat shock genes in response to heat shock and developmental cues, respectively (Akerfelt et al. 2007; Somasundaram and Bhat 2004) .
Materials and methods

Construction of recombinant molecules
Rat αB-crystallin complementary DNA (cDNA; Bhat et al. 1991) was cloned into the NotI site (underlined) of pTurbo GFP-pRL vector (Axxora LLC., San Diego, CA, USA) by P C R u s i n g p r i m e r s : f o r w a r d ( F ) , 5′ -A ATA A A GCGGCCGCGAGACATAGCCATCCACCACCCCT-3′; reverse (R), 5′-A ATAA A GCGGCCGCCTACTTC TTAGGGGCTGCAGTGA-3′), 3′ of the turboGFP (GFP) (the underlined indicates NotI sites). This recombinant clone was further modified to validate the appropriate reading frames (oligonucleotides used for these modifications: sense, 5′-ATGCAGATGCCGGTGAAGAAA AGCGGC CGCGAGACATAGCC-3′ and antisense 5′-GGCTATGTC TCGCGGCCGCTTTTCTTCACCGGCATCTGCAT-3′). These manipulations were done using the Quick Change site-directed mutagenesis kit (Agilent, Santa Clara, CA, USA).
Next, rat cryab promoter region (−896/+44) (Srinivasan and Bhat 1994) was subcloned upstream of the hybrid GFPαB coding sequence into EcoRI-BamHI sites (underlined) of above modified construct (F, 5′-ATCTAA GAATTCACACCACCCAAAATAGTGCAGAGC-3′ and R , 5 ′ -AT C TA A G G AT C C G AT G G C TA G AT G A G TGTAGAGTCG-3′). All constructions were verified by sequencing.
Transfection and generation of stable cell lines expressing hybrid GFPαB All cell lines were purchased from ATCC (Manassas, VA, USA). ARPE19 cell line was cultured in DMEM/ F12 medium supplemented with 10 % fetal bovine serum (FBS) and sodium bicarbonate. Human glioblastoma-astrocytoma (U373 MG) cell line was maintained in MEM medium supplemented with 10 % FBS. Monkey kidney fibroblast (COS1) cell line was cultured in DMEM medium containing 10 % FBS. Mouse embryo fibroblast (NIH3T3) cell line was grown in DMEM supplemented with 10 % fetal calf serum. The cultures were maintained, humidified in 5 % CO 2 at 50-80 % confluence, at 37°C. All culture media contained 100 U/ml penicillin and 0.1 mg/ml streptomycin (Invitrogen, Carlsbad). Cells were transfected using Lipofectamin 2000 (Invitrogen) followed by selection with 1 mg/ml G418 (Invitrogen).
The copy number of GFPαB plasmids integrated into these cell lines was examined by quantitative real-time PCR of genomic DNAs from transfected cells using a GFPαB plasmid DNA as the standard. The copy number of GFPαB copies per cell line varies from 17 to 24/cell (ARPE022, NIH3T3020, COS1024, and U373017).
Heat shock and immunoblotting
All the stably transfected cell lines were cultured without antibiotics and G418 for 24 h before heat shock. The culture dishes with cells were sealed with Parafilm (Pechiney, Chicago) and incubated in a 43°C water bath for 1 hr. After heat shock, the cells were transferred immediately to the humidified CO 2 incubator at 37°C, and collected at various time points (0, 4, 8, 12, 16 , and 24 h) for isolation of total protein and RNA.
Cell lysates were prepared in the T-PER reagent (Pierce, Rockford, IL, USA) containing protease inhibitor cocktail (Sigma-Aldrich Co. LLC), electrophoresed (30 μg /sample) and immunoblotted. The immunoreactive bands were quantified using Odyssey Dual wavelength IR system (LiCOR Biosciences, Lincoln, NE, USA). Primary antibodies, mouse monoclonal anti-actin, rabbit polyclonal anti-HSP70 (Santa Cruz Biotechnologies) and rabbit anti-αB Fig. 1 a Heat shock promoter sequences of HSP70 and cryab genes in various species corresponding to the cell lines used in this study. The HSP70 genes show discontinuous arrangement of inverted 5′-nGAAn-3′ motifs (arrows) in the heat shock element (upper three sequences) (Morgan et al. 1987; Wu et al. 1986 ), while cryab promoters (bottom three sequences) show an uninterrupted arrangement of these motifs. The numbering is given 5′ upstream of the transcription start site (TSS) (+1) were known. Rat sequence, not shown here, is similar to the human sequence except for one base at −51, which is G in the rat (Somasundaram and Bhat 2000) . hu Homo sapiens (human) (Dubin et al. 1990 ); ma Macaca mulatta (monkey); mu Mus musculus (mouse) (GopalSrivastava et al. 1996) . Macaca mulatta sequences are not numbered for lack of information about TSS; ma cryab (accession number XM-002799762.1 ) and ma hsp70 (accession number AC148662.1) sequences were obtained from NCBI databases. b Immunoblots showing presence of HSF4 (upper panel) and HSF1 (lower panel) in various cell lines. Antibodies used and the immunoblotting have been previously described (Somasundaram and Bhat 2004) . Note that both HSF4 as well as HSF1 are predominantly detected in the nucleus. N nucleus, C cytoplasm (Gangalum et al. 2004) were used with secondary antibodies tagged with IR-dyes 680 (anti-rabbit) and 800 (anti-mouse) (LiCOR Biosciences). Anti-HSF1 and anti-HSF4 were used as described (Somasundaram and Bhat 2004) . Anti-αB detects the endogenous αB (∼20 kDa) as well as the hybrid GFPαB (∼47 kDa) (see Figs. 2a, b and 4a, b) .
Reverse transcription qPCR
Total RNA was extracted with PureLink RNA mini kit (Invitrogen) and treated with DNAse I (Amplification grade, Invitrogen) to remove the DNA contamination. One microgram of this DNA-free RNA was reverse transcribed in a 20-μl reaction with Superscript II RT (Invitrogen) according to manufacturer's instruction. One microliter of this cDNA was used in a 10-μl realtime quantitative PCR reaction in triplicate with SYBR Green Master Mix (Roche) employing the Light Cycler 480 (Roche) with thermal cycling conditions as follows: denature at 95°C 5 min, followed by 45 cycles of 15 s at 95°C, 20 s at 56°C, and 30 s at 72°C. At the end, the reaction tubes were incubated at 37°C for 10 min. PCR reactions were normalized with reference to an internal control, Actin, which was determined to be the most consistent within an arbitrary range of two cycles (see Supplemental data Fig. 1 ).To calculate the relative change of expression, the 2 -ΔΔCT method (Livak and Schmittgen 2001) was used. Primers for discriminating between recombinant GFPαB expression and endogenous αB transcripts were designed such that there was no cross-interference (see Fig. 3 ). All primers sequences are listed in the supplemental data. Fig. 2 Differential expression of Hsp70 and αB in ARPE-GFPαB and NIH3T3-GFPαB cells. a Expression of Hsp70 and αB was followed post-heat shock by immunoblotting. The left panel shows the immunoblots, and the right panel shows plots of densitometry quantitation of immune reactions (see "Materials and methods"). Bands with similar intensities were plotted together using either the left or the right yaxis (arbitrary densitometer units). The green bands in the immunoblots show actin as an internal control for loading (only shown in the densitometry plots in a). In ARPE-GFPαB cells, only endogenous HSP70 is increased. b The endogenous HSP70, endogenous αB, and recombinant GFPαB are induced in NIH3T3-GFPαB cells. Protein standards (kDa) are shown on the left, and the identity of each reactive band is shown on the right of each immunoblot. Asterisk shown in immunoblot (b) indicates nonspecific band reacting with anti-actin. These experiments were repeated three times. Shown above are the data obtained from a typical experiment Fig. 3 Differential activation of CRYAB heat shock promoter in ARPE-GFPαB and NIH3T3-GFPαB cells. RT-qPCR data show increased levels of transcripts for endogenous HSP70 in both the cell types (a, blue and red bars); however, endogenous αB (b) and hybrid GFPαB (c) transcript levels are seen elevated only in NIH3T3-GFPαB cells only (b and c, red bars, postheat shock). The data shown are the average of triplicate determinations±SE for each time point. These experiments were repeated three times. Note that while both αB as well as GFPαB transcripts are present in ARPE-GFPαB cells, there is no discernable change in their levels upon heat shock (b and c, respectively, blue bars). These transcript levels follow the pattern of protein levels seen in Fig. 2a and b. For GFPαB transcripts, two primers, one from GFP and the other from αB coding sequences were used. For endogenous αB transcripts, one of the primers used was from the 3′ untranslated sequence of the αB mRNA, which is lacking in the permanently transfected GFPαB recombinant gene construction. This allows discrimination between the recombinant αB and endogenous sequences. The primer locations are schematically depicted at the bottom
Chromatin immunoprecipitation
Chromatin immunoprecipitation (ChIP) was performed with native ARPE and NIH3T3 cells using ChIP-IT® Express kit (Active Motif) with minor modifications. Antibodies used in ChIP assay were protein G-purified rabbit polyclonal HSF1 or HSF4 antibody or normal serum (Sigma Genosys). The reverse cross-linked DNA fragments were purified by PureLink PCR purification kit (Invitrogen) before final PCR amplification. All amplicons cover the key HSE motifs in respective promoters (Fig 5) . See supplemental data for list of primers used.
Results and discussion
Transcription from the heat shock promoter is activated upon interaction of a trimeric HSF with the HSE (Voellmy 2004; Wu 1995) . There are three known mammalian HSFs, namely, HSF1, HSF2, and HSF4. HSF3 is a chicken HSF, although a mouse homologue has recently been reported (Fujimoto et al. 2010) . HSFs are a family of closely related transcription factors, which share appreciable sequence homologies, in particular in their DNA binding domains. HSF1 has been considered to be the master regulator of the heat shock response, while HSF2 and HSF4 have been shown to regulate the heat shock promoter developmentally (Akerfelt et al. 2007; Somasundaram and Bhat 2004) . The HSF4, in comparison to HSF1, is not inducible and is constitutively bound to the DNA.
We first examined four cell lines ARPE19 and U373MG (epithelial) and NIH3T3 and COS1 (fibroblasts) for the expression of Hsp70 and αB. Importantly, all these cell lines express HSF1 as well as HSF4 (Fig. 1b) .
Heat shock does not induce αB in epithelial cells
We generated ARPE-GFPαB and NIH3T3-GFPαB cells permanently transfected with recombinant hybrid GFPαB sequences driven by the rat cryab promoter (see "Materials and methods"). This manipulation allows us (a) comparison with previous studies (Klemenz et al. 1991 ) that employed transfected recombinant promoterreporter constructs and (b) provides information about the endogenous promoter activity at the same time. The number of copies of the transfected plasmids in all the four cell lines was comparable (see "Materials and methods"), and more importantly, the expression from the transfected plasmids mirrored the expression of the endogenous promoter (see below). These two cell lines were exposed to a heat shock (43°C for 1 h), and the expression of HSP70 and αB were examined, immediately before and at various time points after heat shock.
Heat shock does not change the endogenous αB levels in ARPE-GFPαB cells, which constitutively express this gene (Fig. 2a) . In comparison, NIH3T3-GFPαB cells, which do not make αB constitutively, show induction of this protein (Fig. 2b, NIH3T3 ). In both these cells lines, however, Hsp70 is induced (Fig. 2a, b, Hsp70 panels) . Heat shock does not induce either the endogenous αB or the hybrid GFPαB in ARPE-GFPαB cells, but the induction of HSP70 is obvious (Fig. 2a) . In comparison, in NIH3T3-GFPαB, all the three, Hsp70, GFPαB, and αB, are induced (Fig. 2b) , albeit at various levels. Although αB signal is weaker, it is significant considering that there is no detectable αB in the control cells (Fig. 2b) . This observation of the induction of endogenous αB (activation of the cryab promoter) is also supported by the increased expression of the transfected recombinant hybrid GFPαB, which is driven by the rat cryab promoter (Fig. 2b) confirming previously reported induction of αB in NIH3T3 cells (Klemenz et al. 1991) . These expression patterns (presence of the protein) in ARPE19 and NIH3T3 cells were further corroborated by estimation of corresponding RNA transcript levels by quantitative real-time PCR (RT-qPCR) (Fig. 3) . Our experience shows that it is difficult to find an absolute control gene that does not change (Kulkarni et al. 2011 ). We, however, chose actin on the basis of its relatively limited variation in both the heated as well as unheated cultures within our experimental parameters (see Supplemental data Fig 1) .
Elevated levels of Hsp70 transcripts are seen both in ARPE-GFPαB and NIH3T3-GFPαB cells (Fig. 3a) . This induction is seen immediately after the heat shock both in ARPE-GFPαB as well as in NIH3T3-GFPαB cells (Fig. 3a, 0 time point, immediately postheat shock). Comparison of the transcript induction profile of HSP70 with αB shows stark differences between the ARPE-GFPαB and NIH3T3-GFPαB cells (Fig. 3b) . In ARPE-GFPαB cells, αB transcript levels at various time points without the heat shock and postheat shock (Fig. 3b, blue bars) do not show any significant differences; however, significant change (increase) in αB transcripts levels is noticeable in heat shocked NIH3T3-GFPαB cells (Fig. 3b , reds bars, postheat shock). Interestingly this increase in CRYAB promoter activity is also confirmed by increased levels of transcripts from the transfected recombinant GFPαB, driven by rat cryab promoter, in NIH3T3-GFPαB cells (Fig. 3c, 0 and 4 h time points, red bars, postheat shock); in comparison, there is no significant change seen in GFPαB transcripts in ARPE-GFPαB cells (Fig. 3c, blue bars) , indicating cell-type specific activation of the cryab promoter (in NIH3T3-GFPαB cells).
αB is only induced in fibroblasts upon heat shock In order to establish the veracity of the above observations (Figs. 2 and 3) , on the differential expression of αB and Hsp70 in epithelial cells and fibroblasts, we investigated two additional established cell lines, human glioblastoma U373MG (epithelial origin) and monkey kidney cell line COS1 (fibroblast origin). These cells were stably transfected with hybrid GFPαB driven by the rat cryab promoter as above. Heat shock does not increase expression of αB or recombinant GFPαB in U373-GFPαB cells (Fig. 4a) , but both are induced in COS1-GFPαB cells (Fig. 4b) . Note however, as above, the obvious induction of Hsp70 in both the cell lines (Fig. 4a, b) .
Although only four cells lines were studied, the data presented above clearly points to differential response of epithelial cell lines, ARPE and U373 cells (Figs. 2a and  4a ) and fibroblasts, NIH3T3 (Fig. 2b) , and COS1 cells (Fig. 4b) with respect to the expression of αB. It follows, therefore, that many cell types that do not constitutively express αB may do so upon exposure to heat shock. An important corollary to these observations is that only some cell types will respond to heat shock with induced expression of αB. These observations are in harmony with our earlier observations on the presence of αB in kidney epithelial cell lines and not in kidney fibroblasts (Nagineni and Bhat 1989) . Additionally, analyses of previously published microarray data (Murray et al. 2004 ) from the Botstein laboratory indicates that upon heat shock, CRYAB is expressed noticeably only in a specific cell line in culture (Supplemental data Fig. 2) .
The above data (Figs. 2, 3 , and 4) also indicate that the endogenous promoter and the transfected recombinant promoter respond equally to the molecular environment within Fig. 4 Heat shock induces αB in COS1 cells (fibroblasts) and not in U373MG cells (epithelial). (a, b) U373-GFPαB and COS1-GFPαB cells when exposed to a heat shock (43°C for 1 h) show expression pattern similar to those seen in Fig. 2a and b . The left panel shows the immunoblots, and the right panel shows plots of densitometry quantitation of immune reactions. Bands with similar intensities were plotted together using either the left or the right y-axis. The green bands in the immunoblots show actin as an internal control for loading (only shown in the densitometry plots in a). Only HSP70 is induced in U373MG cells (a). In comparison all the three proteins, HSP70, endogenous αB, and the hybrid GFPαB, are induced in COS1 cells (b), corroborating the data obtained with ARPE-GFPαB and NIH3T3-GFPαB cells (Fig. 2a, b) . These experiments were repeated three times. Shown above are the data obtained from a typical experiment Fig. 5 Occupancy of HSP70 and cryab promoters by HSF1 and HSF4 is cell-type specific. Native ARPE cells and NIH3T3 cells were processed for ChIP assay with HSF1 and HSF4-specific antibodies. The left panels show agarose gel electrophoresis of the PCR products. The right panels show schematic representation of the data obtained. a In ARPE cells there is no HSF1 on the cryab promoter either in control (unheated, UH) or heat shocked (H) cells, either at 0 h or at 12 h postheat shock; HSF4 is seen only on the cryab promoter both in heated and unheated cells (blue ovals). There is no detectable HSF4 on the HSP70 promoter; HSF1 is only seen on the HSP70 promoter in unheated cells, and its enhanced binding is seen in heat-shocked ARPE cells (red pentagons). b In NIH3T3 cells HSF1 is seen on the cryab promoter only in heated cells (red pentagons). HSF1 is also present on the hsp70 promoter in both the heated as well as unheated cells (red pentagon), but it is enhanced in heat shocked cells (red pentagons) just as in ARPE cells in a. Note that there is no HSF4 on either the cryab promoter or the HSP70 promoter in NIH3T3 cells under any condition. The first lane of each gel shows the DNA markers (M, bp base pairs), the last lane (b) is the H 2 O control. H heat shocked, UH not heat shocked, In input DNA before immunoprecipitation, NS normal serum. The sizes of amplicons are indicated on the right side of the agarose gels with an arrow pointing to the PCR product. The location of the primers for cryab and HSP70 promoters in ARPE and NIH3T3 cells are schematically depicted. This experiment was repeated twice the respective cells, suggesting that heterologous heat shock promoters used to target inducible expression of reporter genes (Guo et al. 2008 ) will work only in those cells or tissues in which endogenous heat shock promoter is inducible by heat shock. It should also be noted that the transfected recombinant constructions used in this study contain an almost complete promoter of the rat cryab gene (Srinivasan and Bhat 1994) .
HSF4 occupies CRYAB and not HSP70 promoter in ARPE19 cells
Presence of multiple HSFs in a cell raises the possibility of different HSFs activating the same promoter. For instance, here, in the paradigm of epithelial cells and fibroblasts, HSF1 and HSF4 could activate CRYAB and HSP70 depending on the promoter architecture and/or simply by their access to one of the two or both promoters. The HSF:HSE interactions have previously been studied with gel-shift assays (Somasundaram and Bhat 2000; Wu 1995) . This has led to in vitro binding studies on the characteristics of the HSEs and their relationship to binding efficiency of the HSF in question (Yamamoto et al. 2009 ). For example, in vitro, HSF4 binds robustly to hsp70 HSE than cryab HSE (Somasundaram and Bhat 2004) . Recent in vitro binding studies suggest that human HSF4 has higher binding affinity for promoters containing gaps between 5′-nGAAn-3′ motifs, while HSF1 has higher affinity for continuous HSEs containing no gaps between 5′-nGAAn-3′ motifs (Yamamoto et al. 2009 ). HSP70 promoter represents a "discontinuous" heat shock promoter with a gap between the first two 5′-nGAAn-3′ motifs, and cryab represents an example of a "continuous" heat shock promoter with no gaps between 5′-nGAAn-3′ motifs (see Fig. 1 ).
We investigated whether observed expression patterns of CRYAB and HSP70 in the epithelial cells and fibroblasts, detailed above, could be related to the specific promoter occupancy by HSF1 and/or HSF4. We used ChIP to examine the presence of HSF1 and HSF4 on the cryab and HSP70 promoters before and after heat shock in native untransfected ARPE19 and NIH3T3 cells.
ChIP assays clearly demonstrate that, in ARPE19 cells, HSF4 is bound to CRYAB promoter before and after heat shock (at 0 h, immediately after heat shock and at 12 h postheat shock; Fig. 5a , CRYAB panel, blue ovals). Importantly, HSF1 is not seen on this promoter under either of the two conditions (Fig. 5a, CRYAB panel) , but enhanced presence of HSF1 is seen on the HSP70 promoter in ARPE19 cells exposed to heat shock (Fig. 5a, HSP70 panel, red pentagons) . Interestingly, in these cells, no HSF4 is detectable on HSP70 promoter, either before or after heat shock (Fig. 5a, HSP70 panel) . Considering that both HSP70 as well as CRYAB promoters are active in ARPE19 cells and that both HSF4 as well as HSF1 are available, these data suggest compartmentalization of the two HSFrelated activities, even under heat shock conditions as indicated by the absence of HSF1 on CRYAB promoter and its presence on the HSP70 promoter. Based on these data, we conclude that, in human ARPE19 cells, the access of HSF1 and HSF4 to HSP70 and CRYAB promoters is selectively controlled and determined by the cell type.
HSF1 binding to cryab promoter is detected only after heat shock in NIH3T3 cells
The ChIP assay reveals a different picture in the fibroblasts (NIH3T3 cells) exposed to the heat shock. No HSF4 binding is seen either on cryab or hsp70 promoters either before or after heat shock (Fig. 5b, cryab and hsp70 panels) , but HSF1 binding to cryab promoter is seen only after heat shock, while HSF1 binding to hsp70 promoters is enhanced postheat shock (Fig. 5b, cryab and hsp70 panels, H, 0 lanes). None or little HSF1 binding is seen on the cryab promoter before heat shock (Fig. 5b , cryab panel, UH, 0 and 12 lanes); in comparison, unchanged basal HSF1 binding is seen on the Hsp70 promoter (Fig. 5b, hsp70 panel, UH, 0 and 12 lanes). The HSF1 binding returns to normal level (as in no heat sock) at the 12-h time point (Fig. 5a, HSP70 panel, H, 0 and 12 lanes and Fig. 5b, hsp70 panel, H, 0 and 12 lanes). Notably, there is no detectable HSF1 on the CRYAB promoter in unheated ARPE19 cells or NIH3T3 cells; it appears on the cryab promoter only in heat shocked NIH3T3 cells (Fig. 5b, cryab panel, red pentagons) . It is apparent from the above data that, under heat shock, the unoccupied promoter of cryab in NIH3T3 cells becomes accessible to HSF1; in ARPE19, however, where the promoter is already occupied by HSF4, HSF1 does not gain access to this promoter. In comparison, in the same cells, HSF1 does gain access to the hsp70 promoter, indicating that cell-type dictates promoter occupancy of HSFs.
HSF1 and HSF4 interactions with heat shock promoters are dependent on cell type Interestingly, the data presented in Fig. 5 shows that in vitro binding patterns reported previously showing HSF4 preference for the "discontinuous" and HSF1 preference for the "continuous" promoters (Yamamoto et al. 2009 ) are not followed in vivo. Our data (Fig. 5) clearly shows that HSF access to either of the two promoters is controlled innately by the cell-type. In ARPE cells, HSF1 is seen on the HSP70 promoter (which contains discontinuous 5′-nGAAn-3′ motifs), while HSF4 is bound to the CRYAB promoter (with continuous 5′-nGAAn-3′ motifs). HSF1 does not gain access to CRYAB promoter in ARPE19 cells upon heat shock (Fig. 5a ) but gains access to the cryab promoter in heat shocked cells in NIH3T3 (Fig. 5b, red  pentagons) . While these data clearly indicate that in vitro HSF binding affinities (Yamamoto et al. 2009 ) may not reflect functional in vivo patterns, it also emphasizes that it is the developmental state/origin of the cell rather than the HSE architecture that determines HSF/HSE interaction and, therefore, the promoter activity.
The data presented in this report suggest that the stress response in eukaryotes does not override developmental predisposition that dictates specific access of HSFs to specific heat shock promoters, possibly controlled by epigenetic modifications (Bernstein et al. 2007) . It is interesting to note that while Hsp70 promoter binds HSF4 in vitro (Somasundaram and Bhat 2004 ), we do not find it on this promoter in these in vivo studies.
The specific HSF/HSE interactions such as those described here ensure that various heat shock proteins are not only synthesized during heat shock or a stress response but before and after the stress episode as required by various cellular physiologies. It is noteworthy that ChIP analyses (Fig. 5) did not reveal any cross-talk (Fujimoto et al. 2008) between HSF4 and HSF1 so far as their physical presence on the HSP70 and CRYAB promoters is concerned. Assuming that both HSF1 and HSF4 are expressed in the same cell, it is tempting to speculate that the presence of one HSF (e.g., HSF4 on the CRYAB promoter in ARPE cells) may preclude binding of the other HSF (e.g., HSF1) to this promoter. Whether this is true must await single cell studies on the expression of various HSFs and their mechanistic relationships with respect to the activation of heat shock promoters in phenotypically homogeneous populations of cells.
